Background: Many chronic metabolic diseases, such as obesity and type 2 diabetes (T2DM), are closely related to a chronic low-grade inflammatory state in tissues. The high prevalence of non-alcoholic fatty liver disease (NAFLD) in patients with T2DM is related to the role of inflammation in the disease. In this study, we investigated the role of liraglutide in improving lipid metabolism disorders and preventing their progression to NAFLD by modulating inflammatory signaling pathways, thereby providing new treatment options for NAFLD. Methods: We designed a 2×2 factorial analysis experiment. A mouse model of NAFLD with T2DM was established by feeding the animals a high-fat diet (HFD). The NAFLD mice with HFD-induced diabetes were treated with liraglutide for 10 weeks. Hematoxylin and eosin staining, Oil Red O staining and electron microscopy were used to observe the accumulation of triglycerides in the liver. RT-PCR and Western blotting were used to analyze the expression of α-SMA, IL-1β, TNF-α, NF-κB and the NF-κB inhibitory protein IκB in the liver at the gene and protein levels, respectively. Results: Liraglutide reduced the body weight and fasting blood glucose levels of HFD-fed mice. The expression of α-SMA, IL-1β, TNF-α, and NF-κB in the liver of HFD-fed mice was increased at the mRNA and protein levels, but liraglutide treatment decreased the expression of these molecules. The expression of IκB in the liver decreased at the mRNA and protein levels but was upregulated after liraglutide treatment. Conclusion: Based on the current findings, liraglutide can significantly improve hepatic steatosis, primarily by downregulating the expression of inflammatory signaling mediators in the TNF-α pathway.
Introduction
NAFLD is a condition characterized by excess lipid deposition in the liver parenchyma and is associated with obesity, insulin resistance, and diabetes. In recent years, due to changes in lifestyle and dietary structure, the prevalence of NAFLD has increased rapidly along with metabolic diseases, such as obesity and type 2 diabetes (T2DM). The prevalence of NAFLD in adults is as high as 35% worldwide, 1 while metabolic syndrome are key features of NAFLD. 5 Rats with NAFLD showed high hepatic inflammation, necrosis and fatty infiltration. 6 The disease is presumed to be mediated by the effects of the metabolic syndrome on the liver. The production of inflammation-inducing mechanisms and inflammatory cytokines production play a crucial role in the progression of NAFLD. 7 Inflammation may affect the development of NAFLD due to its role in insulin resistance. Therefore, elucidating the detailed mechanism underlying the progression of NAFLD in patients with diabetes is important for disease treatment and drug development. Glucagon-like peptide-1 (GLP-1) is a peptide hormone secreted by enteroendocrine L cells in response to nutrient intake. 8 GLP-1 delays gastric emptying, stimulates insulin secretion and regulates the satiety signal in the central nervous system (CNS), all of which are beneficial for both obese individuals and patients with T2DM. In addition to blood glucose regulation, GLP-1 possesses antiapoptotic, anti-oxidant and anti-inflammatory properties 9 that significantly reduce the production of reactive oxygen species in monocytes and reduce the mRNA expression of pro-inflammatory cytokines and various inflammatory mediators. 10 GLP-1 also inhibits NF-κB activation and regulates the activity of natural killer cells in the pancreas, CNS and endothelial cells. 9 Recently, GLP-1 receptors were reported to be expressed on human hepatocytes.
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In animal models of NAFLD or nonalcoholic steatohepatitis (NASH), glucose-induced GLP-1 secretion is significantly reduced, indicating a lack of GLP-1 signaling in patients with NAFLD. 12 The number of GLP-1 receptors is reduced in liver biopsy specimens from patients with NASH compared to that in normal patients. 13, 14 Liraglutide is an analog of human glucagon-like peptide 1 with 97% structural homology to endogenous human GLP-1. Liraglutide is also one of the six GLP-1-based drugs approved by the US Food and Drug Administration (FDA). Animal and human experiments have found that liraglutide has an effect on promoting weight loss and improving insulin resistance, liver lipid deposition and hepatic steatosis. 15 However, the positive mechanical effect of liraglutide on hepatic steatosis remains unclear. Liraglutide stimulates glucose-dependent insulin secretion and modulates the levels of cardiovascular risk biomarkers, such as hs-CRP, IL-6 and TNF-α 16 We hypothesized that liraglutide, as a GLP-1 analog, can inhibit the expression of inflammatory and proinflammatory cytokines, such as IL and TNF-α through the TNF-α inflammatory signaling pathway, thereby improving lipid metabolism and alleviating NAFLD development in diabetic mice. In this study, we established a mouse model of NAFLD with T2DM by feeding the animals a high-fat diet (HFD). Using this mouse model, we investigated the molecular mechanism by which liraglutide regulates the inflammatory signaling pathway to prevent hepatic steatosis. Data from this study can provide useful information to improve our understanding of the pathophysiological effects of liraglutide on NAFLD by modulating inflammatory signaling pathways.
Materials And Methods

Animal Model Preparation And Grouping
A schematic of the experimental design is shown in Figure 1 . Twenty-four 5-week-old male C57BL/6J mice were purchased from the Experimental Animal Center of Guangxi Medical University. All animals were housed in an SPF facility with a relative humidity of 30-70% and room temperature of 18-22°C. The mice were provided water food ad libitum. After 1 week of adaptive consumption of rodent feed (5% fat weight/food weight), the mice were randomly divided into a normal chow group (NC group) and a highfat diet group (HFD group) with 12 rats per group. The NC group was provided normal feed (5% fat weight/food weight), while the HFD group was provided a high-fat diet (60% fat weight/food weight, Ready Biotechnology Co., Ltd. Shenzhen, People's Republic of China). The body weight (BW) and fasting blood glucose (FBG) levels in samples collected from the tail vein were observed and recorded for all experimental mice at the same time every week. The hallmark of successful establishment of the NAFLD model is FBG levels > 13.9 mmol/L for three consecutive days and a BW that exceeds at least 20% of the normal body weight in the HFD-fed mice. 17 At the beginning of the 10th week, the animals in the HFD group in which NAFLD was successfully established were randomly classified into 2 subgroups: a saline treatment group (O+S) and liraglutide treatment group (O+L). In addition, the NC control group was also randomly divided into 2 subgroups: a saline-treated group (N +S) and liraglutide-treated group (N+L). The liraglutidetreated groups were administered a daily subcutaneous injection of 0.2 mg/kg liraglutide, and the saline-treated groups were injected with a similar volume of physiological saline for a total of 10 weeks. At the end of the study, the mice were anesthetized and euthanized for blood and tissue collection. Part of the liver was frozen, and part of the liver was stored in a 4% buffered formalin solution. All experiments were approved by the Animal Ethics Committee of Guangxi Medical University. The conditions of the housing facilities, the care of laboratory animals and the animal experimental procedures were consistent with the national standard "Laboratory Animal-Guideline for Ethical Review of Animal Welfare" (GB/T35892-2018) of China.
Biochemical Analysis
The body weight and liver wet weight were determined. The blood glucose levels were measured using a blood glucose meter (Johnson & Johnson, New Brunswick, NJ, USA).
Histological Examination
After the animals were euthanized, liver tissue was removed and fixed with a 4% neutral buffered formalin solution for 24 h. After paraffin embedding, tissue sections were cut into sections with a thickness of 5 μm, deparaffinized in xylene and rehydrated through a series of decreasing concentrations of ethanol. The sections were stained with hematoxylin and eosin (HE), which demarcates fat degeneration. Other samples were stained with Oil Red O, which stains lipid droplets and is used to visualize triglyceride accumulation in the liver. Images were captured with an optical microscope (Olympus, Tokyo, Japan) and electron microscope (Hitachi H-7650 transmission electron microscope). Masson's trichrome staining was used to visualize fibrosis in the liver. Images were captured with a light microscope (Olympus, Tokyo, Japan).
Analysis Of Gene Expression In Liver Tissues
Total RNA was extracted from liver tissues using an RNA Extraction Kit (Takara Bio, Shiga, Japan). Total RNA was reverse transcribed using PrimeScript RT Master Mix (Perfect Real Time) (Takara Bio, Shiga, Japan). The primer sequences used for PCR are shown in Table 1 (Invitrogen, Shanghai, China). The β-actin mRNA served as the internal control. Real-time PCR was performed using SYBR Green Master Mix (Roche Diagnostics, Indianapolis, USA) on an Applied Biosystems StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, Foster City, USA). Gene expression is reported as 2
−ΔΔCt
.
Western Blot Analysis Of Liver Tissues
Western blotting was performed as previously described. 18 Proteins were extracted from liver tissues using RIPA buffer containing PMSF, and protein concentrations were quantified with the bicinchoninic acid (BCA) assay method using a BCA protein assay kit (Thermo Scientific). Proteins were separated on 12% sodium dodecyl sulfate-polyacrylamide gels and transferred to polyvinylidene difluoride membranes. The membranes were incubated with Tris-buffered saline containing 5% non-fat milk at 37°C for 2 h. The membranes were then incubated with the following primary antibodies at 37°C for 1 h: α-SMA mAb (14395-1-AP; Proteintech, USA), IL-1β (D6D6T) rabbit mAb (mouse-specific) (#31202; Cell Signaling Technology), TNF-α (D2D4) XP rabbit mAb (mouse-specific) (#11948; Cell Signaling Technology), NF-κB p65 (D14E12) XP rabbit mAb (#8242; Cell Signaling Technology), β-actin (#4970; Cell Signaling Technology), Histone-H3 Antibody125 Publications (17168-1-AP; Proteintech, USA), or anti-IKB alpha [E130] (ab32518; Abcam). Goat anti-rabbit IgG H&L (HRP) (ab205718; Abcam) was used as the secondary antibody. After washing with PBS, the membranes were incubated with the secondary antibodies at 37°C for 1 h. The membranes were developed with an enhanced chemiluminescence (ECL) system (ProteinSimple, Santa Clara, CA, USA).
Statistical Analysis
The data were analyzed using the SPSS 24.0 statistical package (Chicago, USA with the NC group, the BW and FBG level were significantly increased in the HFD group after 10 weeks of consumption of the high-fat diet (P < 0.05) (Figure 2A and B). Liver histopathology and HE staining showed hepatocyte swelling, elevated steatosis, rarefaction of the hepatocyte cytoplasm and clumped strands of intermediate filaments in the HFD-fed mice ( Figure 2C -F) compared to the normal liver structure of the control group. In addition, Oil Red O staining and transmission electron microscopy revealed lipid droplets in hepatocytes in the liver of HFDfed mice ( Figure 5 ). The data indicate the successful establishment of the mouse model of NAFLD with T2DM. After successful model establishment, mice with NAFLD and T2DM were treated with subcutaneous injections of liraglutide or saline daily for 10 weeks. After treatment with liraglutide, the BW and FBG levels were significantly reduced in the O + L group ( Figure 3A and B) . A subsequent factor analysis showed significant differences in BW and FBG levels between NC and HFD-fed mice and between the liraglutidetreated and saline-treated groups ( Figure 4A and B) .
The comparison of the results of the morphological examination between the subgroups is shown in Figure 5 . The N+S and N+L groups exhibited a normal liver structure. The normal structure of the hepatic lobules of the O +S group was characterized by a large amount of fatty degeneration. In contrast, a significant decrease in the severity of fat accumulation was observed in the liver tissue of mice in the O+L group. Lipid droplets and fibrosis were undetectable in the livers of mice in the N +S and N+L groups but were visible in the livers of mice in the O+S group. In contrast, the liver of the mice in the O+L group showed a significant reduction in lipid droplet accumulation and disappearance of fibrosis.
Analysis Of Gene Expression In Liver Tissues
The expression of α-SMA, IL-1β, TNF-α, NF-κB and IκB was measured at week 20 ( Figure 6 ). The factorial 
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analyses revealed significant differences in the expression of α-SMA, IL-1β, TNF-α, NF-κB and IκB mRNAs associated with the liraglutide treatment and saline treatment between the NC and HFD groups of mice. Compared to NC group, relative levels of the TNF-α, NF-κB and α-SMA mRNAs were significantly upregulated, and IκB was downregulated in the HFD group (P<0.05). However, after treatment with liraglutide, levels of the TNF-α, NF-κB and α-SMA mRNAs were decreased (P<0.05), and levels of the IκB mRNA were increased (P<0.05). Compared to the NC group, the levels of the IL-1β mRNA were upregulated in the saline treatment groups but downregulated in the liraglutide treatment groups (P<0.05). When we compared different treatment groups, the levels of the IL-1β mRNA were increased in the NC groups and decreased in the HFD groups (P<0.05). In the NAFLD model, the levels of inflammatory factors were increased, but the liraglutide treatment effectively decreased the expression of the inflammatory factors.
Western Blot Analysis Of Liver Tissues
Proteins were extracted from liver tissues for Western blotting after 20 weeks ( Figure 7 ). Compared to the NC group, the relative levels of the IL-1β protein were significantly increased, while the levels of the NF-κB and IκB proteins were decreased, in the HFD group (P<0.05). The levels of the TNF-α protein were significantly increased by saline treatment and decreased by liraglutide treatment in the HFD groups compared to the NC groups. However, after treatment with liraglutide, the levels of the NF-κB and IκB proteins were increased (P<0.05). The liraglutide treatment increased the levels of the IL-1β, TNF-α and nuclear NF-κB proteins in the NC groups and decreased their levels in the HFD groups (P<0.05). In mice with NAFLD, the NF-κB protein was transported to the nucleus from the cytoplasm, as cytoplasmic levels of the NF-κB protein were decreased and nuclear levels of the NF-κB protein were increased. These changes were effectively reversed by the liraglutide treatment. Compared with the NC group, the HFD group displayed increased α-SMA levels (P<0.05). After treatment with liraglutide, the levels of the α-SMA protein were decreased (P<0.05).
Discussion
NAFLD is the most prevalent chronic liver disease worldwide. NAFLD is primarily associated with obesity, diabetes, and metabolic syndrome, 19, 20 and no approved pharmacotherapy is available. Because the prevalence of NAFLD is increasing and is associated with poor outcomes, an effective drug must be developed to target the drivers and the associated complications, particularly in high-risk groups, such as older obese men and patients 
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with T2DM. Hepatocytes with insulin resistance and metabolic syndrome are key features of NAFLD. 5 The disease is believed to be mediated by the effects of the metabolic syndrome on the liver. GLP-1RA, which has been approved for use in diabetes, has shown early efficacy in treating NASH and exerts beneficial cardiovascular or renal effects. 21 Therefore, elucidating the detailed mechanism underlying the progression of NAFLD in patients with diabetes is important for disease treatment and drug development.
The peroxisome proliferator-activated receptors (PPARs) are members of the nuclear receptor superfamily that function as fatty acid-activated transcription factors. 22 PPAR activation may limit inflammation and atherosclerosis. 23 According to published data, PPAR-α and PPAR-γ are related to lipid accumulation in the liver. Liraglutide reverses oxidative stress in diabetes by activating cardiac PPARα to inhibit the expression of DGAT. 24 In DIO rats, liraglutide reduces hepatic fatty acid flux by decreasing the expression of PPAR-γ in the liver, which suggest a restoration of lipid homeostasis. 25 These results help us to better understand the mechanisms regulating lipid metabolism that underlie the effectiveness of liraglutide as a treatment for diabetes and obesity. However, the relationship between the effects of liraglutide on regulating inflammation and lipid metabolism remains unclear. Because a genetic model is more expensive and difficult to generate, the HFD-induced model is now more widely used to examine the pathophysiology of hepatic steatosis in an NAFLD model. [26] [27] [28] A recent comparative pharmacological and histological study of biopsies from diet-induced and genetically obese mouse models confirmed the anti-NASH effects of liraglutide. 29 In the present study, we built upon the foundation of our previous research, and the animal model of NAFLD induced by an HFD was successfully established after 10 weeks. 30 After 10 weeks of treatment with clinically relevant concentrations of liraglutide, we observed therapeutic effects of liraglutide on NAFLD, including significant improvements in metabolic parameters, such as blood glucose and body weight. In addition, morphological observations, such as HE and Oil Red O staining, suggest that liraglutide effectively in relieving hepatic steatosis. Therefore, our results suggest that liraglutide exerts a beneficial effect on diabetes and obesity-related NAFLD. These results are consistent with previous studies. 31, 32 It is currently known that inflammation induction and inflammatory cytokines production play a crucial role in the progression of NAFLD. 7 The IL-1 family of cytokines is one of the major drivers of inflammation in individuals with NAFLD. When these pro-inflammatory cytokines are activated, they disrupt insulin and lipid signaling pathways, affecting insulin sensitivity and lipid metabolism. 35 Taken together, IL-1β plays a major role in the development and progression of NAFLD from simple steatosis to steatohepatitis and liver fibrosis. 36 In our study, the expression of IL-1β mRNA and protein showed a consistent trend. Compared with the untreated group, IL-1β expression was significantly increased in the NAFLD group, supporting the hypothesis that IL-1β is the main cause of liver inflammation in individuals with NAFLD. After treatment with liraglutide, IL-1β levels significantly decreased, suggesting that liraglutide can regulate the process of hepatic steatosis in subjects with NAFLD by regulating IL-1β expression.
The TNF family has very diverse functions in the body. The TNF family members all exhibit pro-inflammatory activity, in part through the activation of the transcription factor nuclear factor kappa B (NF-κB). TNF-α is a multifunctional cytokine that is mainly produced in adipocytes or peripheral tissues and is involved in apoptosis, cell differentiation and cell infiltration. Many inflammatory and autoimmune processes are also regulated by TNF-α. TNF-α activates a transcriptional pathway that induces oxidative stress, which then interacts with inflammation to promote cell degeneration. 37 TNF-α also causes insulin resistance and subsequently impairs glucose tolerance. 38 In addition to insulin resistance, TNF-α may also affect glucose metabolism by affecting insulin secretion. 39 Based on the results from our present study, TNF-α expression was increased in the NAFLD group and may be an important factor contributing to the inflammatory response of adipocytes in the NAFLD model. Liraglutide treatment can downregulate the expression of TNF-α.
NF-κB plays a key role in inflammation by inducing the transcription of pro-inflammatory genes. The activity of NF-κB is regulated by kappa B protein inhibitors (IκB) and IκB kinase (IKK). NF-κB binds to IκB in an inactive form in the cytoplasm. IKK-mediated phosphorylation of IκB is an important step in NF-κB activation because it causes the dissociation of NF-κB from IκB and the translocation of NF-κB to the nucleus. 40 As one of the most important regulators of proinflammatory gene expression, NF-κB regulates the synthesis of many inflammatory cytokines, including TNF-α, IL-1β, IL-6 and IL-8 40 According
to another study, the main functions of GLP-1 are regulated by adenylate cyclase activation and cAMP production. 41 In addition, the cAMP/PKA pathway regulates the inflammatory response of macrophages by inhibiting the production of pro-inflammatory cytokines. As shown in the study by Arakawa et al, the GLP-1 analog exenatide significantly reduces LPS-induced macrophage activation and TNF-α expression via the PKA/NF-κB signaling pathway. 41 In addition, the activation of NF-κB has been reported to induce the transcription of pro-inflammatory genes, including TNF-α, IL-1β, IL-6 and IL-8 40 Thus, GLP-1 inhibits the inflammatory response of macrophages and the production of TNF-α, IL-6 and IL-1β via the cAMP/PKA/NF-κB signaling pathway. 40, 41 Liraglutide exerts marked antioxidative and anti-inflammatory effects on endothelial cells via inhibiting NF-κB activation and upregulating the expression of the IκB family. 42 These results are consistent with our data. Liraglutide is an analog of GLP-1. In the present study, NF-κB mRNA was expressed at higher levels in the NAFLD group than in the normal control group. The NAFLD disease state may activate the NF-κB signaling pathway, stimulating the transcription of pro-inflammatory genes, including TNF-α and IL-1β. However, the levels of these inflammatory markers can be effectively decreased by liraglutide treatment. The cytosolic levels of the NF-κB and IκB proteins were decreased in the NAFLD group. The ubiquitination and proteasomal degradation of IκB directly activates dimeric NF-κB, resulting in the translocation of NF-κB to the nucleus and in the increase in the nuclear levels of this protein. These changes were reversed by liraglutide treatment. Based on our results, liraglutide can inhibit the NF-κB signaling pathway and decrease the production of various proinflammatory factors in a mouse model of NAFLD to reverse the resulting degeneration of hepatocytes. Therefore, liraglutide improves lipid metabolism in diabetic mice and prevents the development of NAFLD.
Conclusions
Liraglutide improves metabolism and significantly improves hepatic steatosis in the NAFLD model, primarily by downregulating the expression of inflammatory mediators in the TNF-α signaling pathway.
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